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Three red giants were investigated within the open cluster IC 4756 using obser-
vations taken from the McDonald Observatory’s 2.1m Otto Struve Telescope and the
Sandiford Cassegrain Echelle Spectrometer (SES). Iron abundances were calculated
for each star based on the equivalent widths of Fe I and Fe II lines measured using the
line lists of Bubar and King (2010) and Schuler et al. (2005). Also derived were the
basic atmospheric parameters: effective temperature, surface gravity, metallicity, and
microturbulence. Her 35, Her 85, and Her 249 were found to have corresponding [Fe
I/H] of 0.06 ± 0.04, -0.16 ± 0.03, and -0.16 ± 0.06 as derived from the neutral lines.
These values, when compared to the results of other studies, suggest that the cluster
has an overall metallicity within the solar to subsolar value. This would indicate IC
4756 as a slightly metal-poor object. The star Her 85 is also examined to determine
if derived atmospheric parameters support the classification of more recent studies
as a nonmember of the cluster. The studies base their decisions on its deviation in
radial velocity from the cluster mean. It is concluded that there is little solid evidence
to support the dismissal of Her 85 from metallicity studies of IC 4756 and present-
day membership and proper motion studies with modern equipment are required to
confirm or reject this theory.
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IC 4756 is an open star cluster located 484 pc away in the galactic disk (Salaris
et al., 2004), placing it within the solar neighborhood (≤ 500 pc). It is classified as
an intermediate-aged cluster similar to the Hyades, with an age of 790 Myrs (Salaris
et al., 2004). By definition, open or galactic clusters may be treated as a single
population of members with the same basic properties, thus making them valuable
tools to astronomers. These properties, which include age, distance, reddening, and
initial chemical abundances, are assumed to be uniform across the cluster. This
places constraints on models attempting to derive further information such as current
metallicity and average radial velocities of individual members and the cluster as a
whole. Metallicity is defined as the measure of elements, or “metals,” present that
are heavier than hydrogen and helium. The metallicity of an object can be derived
by calculating the abundances of elements observed to be present in the spectral
signature. The exact elements detected and their relative abundances depend on
the evolutionary state of the star at the time of observation. Calculating the overall
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metallicities of a large sample of clusters across a span of ages and at varying distances
can help map out the detailed chemical composition of the Milky Way galaxy as a
function of location. It has already been established that a metallicity gradient of
the galaxy exists, related to the radial distance from the galactic center as well as
height above or below the disk. When results for open clusters are combined with
those from other studies (e.g. of H II regions, planetary nebulae, Cepheids, and OB
stars) the substructures within the spatial chemical distribution of the galaxy can
be determined, leading to constraints on the temporal evolution of this distribution
as the disk emerged. However, in order to get an accurate model, the kinematics of
these objects must also be known, including their path around the galactic center and
where they may have originated.
1.2 Background
Open clusters are formed during the slow collapse of a molecular cloud. This
collapse may be triggered by a number of scenarios including, but not limited to,
collisions with other molecular clouds, supernova ejecta, or galactic collisions that
initiate massive bursts of star formation (Vassiliadis and Wood, 1993; Woosley and
Weaver, 1995). Early generation stars are characterized as metal-poor objects. These
early stars were formed out of mostly hydrogen and helium clouds. After a collapse
is triggered, individual clumps form that may lead to the birth of a star. These
protostars continue to contract under the influence of gravity, accreting mass from
the remaining dust and gas. Eventually, the temperature at the core reaches around
107 K, thereby igniting nuclear fusion. Hydrogen atoms are converted into deuterium
via the proton-proton (pp) chain reaction and combine to form helium. The star
is able to achieve hydrostatic equilibrium from the radiative pressure that results
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from these processes, halting the gravitational contraction. At this point, the star
is known as a zero age main sequence (ZAMS) star. As the core continues to rise
in temperature, and if trace amounts of carbon are present, further elements may
be synthesized through the carbon-nitrogen-oxygen cycle (CNO). Small amounts of
metals are produced and a few decay to add to the already existing supply of helium.
When the hydrogen supply is depleted, nuclear fusion in the core stalls and
gravity forces the star to contract rapidly, increasing in density, while the outer shell
continues to burn hydrogen. This process as the star is rearranging its structure is
known as the subgiant phase. While the core contracts, the outer layers expand and
cool to create a red giant. The star moves off the main sequence onto the red giant
branch (RGB). During the RGB, the outer envelope will undergo deep convection
and remnants from hydrogen burning will mix within the shell and be transported to
the upper levels where they are visible to spectroscopic observations. This process is
called ”first dredge-up.” Meanwhile the core is still contracting and continues to heat
up. The helium-rich core eventually becomes degenerate and, if the star is massive
enough, may reach temperatures near 108 K, when it can ignite helium burning.
The degenerate gas does not expand but, instead, conducts the resulting energy
rapidly throughout the core. This produces a helium flash or a runaway process of
helium fusion. The helium supply is converted to heavier atoms (mostly carbon and
oxygen). The process eventually slows to a steady rate with radiative pressure from
these reactions halting the collapse and equilibrium is re-established.
The helium burning phase is shorter than the hydrogen burning one and the
helium source is soon depleted. At this point, the star moves onto the aysmptotic
giant branch (AGB) and, once more, becomes a red giant. The core now contains
abundances of carbon and oxygen and there is a thin helium burning shell, in addition
to the hydrogen one. Deep convection causes a ”second dredge-up.” Given enough
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mass, it is possible for a star to establish a cycle consisting of collapses, degenerate
cores, flashes, and increasingly brief stages of equilibrium with fusion occuring in the
core while the outer shells continue to burn the lighter elemets. Low-mass stars are
unable to obtain the critical temperatures required for helium fusion and will continue
to collapse until electron degeneracy pressure takes over, resulting in the loss of the
outer layers of the star due to strong stellar winds (the planetary nebula stage) and the
creation of a white dwarf. High-mass stars will burn at a faster rate and may continue
to produce increasing abundances of heavier metals until the core is comprised of
mostly iron. At this point, no further reactions leading to heavier elements may
occur without adding a considerable amount of energy to the system. The iron
fusion reactions draw energy from the core which begins to cool. This decreases the
radiative outward pressure and gravity forces the core to collapse. As the fusion rates
increase, the core cools even more, decreasing in pressure, and the core will undergo
an increasing rate of gravitational collapse until it begins nearly instantaneous. The
infalling material rebounds and an increased fusion rates release a large quantity
of neutrinos as well as heavier metals. The energy expells the outer layers of the
star initiating a supernova explosion. In either the low-mass or high mass scenario,
metal-enriched material is released into the surrounding region, polluting any nearby
clouds, and becomes the source for later-generation stars. Consequently, each later
population is found to have higher metallicity values, as the initial compositions
include increasing trace amounts of heavier elements.
The ejecta may even trigger the nearby clouds to collapse, thus continuing
the cycle. The newly forming members are all expected to carry this same pollution
history of the gas. By using the equations of stellar structure and estimating the
abundances of elements produced at each stage of a star’s life cycle, astronomers can
work backwards to recreate the older early-generation gas clouds through a process
4
called chemical tagging (Lapenna et al., 2012; Tabernero et al., 2012; Karlsson et al.,
2012). This method attempts to identify every elemental isotope visible from clus-
ter observations and calculate their corresponding abundances. The abundances are
then compared to the derived age of the cluster. It can be determined if the resulting
abundances are due to normal evolutionary processes, or if the cluster was affected
by outside sources resulting in higher initial abundances of individual metals. Re-
constructing ancient clusters from current abundance analyses provides more clues to
galactic evolution and substructure.
Stellar members within a cluster are loosely gravitationally bound together
and will disperse over time. Therefore, it can be difficult to determine actual cluster
members from background or foreground stars. Membership studies are vital for
estimating accurate age, distance, and metallicity of the cluster. If a particular cluster
lies in a region with heavy contamination from field stars, results between studies
can vary, leading to different estimates in cluster properties and a large degree of
uncertainty.
Twarog et al. (1997) was the first to point out that IC 4756, located at galactic
coordinates of l = 36 ◦ and b = +5 ◦ (Jacobson et al., 2007), may be subject to this
complication. One such star, Her 85 (using the Herzog, A. et al. (1975) catalog
scheme), has proven troublesome in studies of the cluster. Herzog, A. et al. (1975)
was one of the first studies to observe Her 85 and derive corresponding photometry
and proper motions. Based on their results, Herzog, A. et al. (1975) classified Her
85 with a probability membership of 96%. Schmidt (1978) used observations of the
star to determine an overall average magnitude and reddening for the cluster. Later
radial velocity studies include Mermilliod, J. and Mayor, M. (1990) who derived a
value of -22.53 ± 0.17 km/s for Her 85 and -25.81 ± 0.16 km/s for the cluster average.
Thogersen et al. (1993) also provided a radial velocity for Her 85 at -28 ± 11 km/s.
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In both studies, the deviations in Her 85 from the cluster mean are noted. For this
reason, recent spectroscopic studies (Jacobson et al., 2007; Ting et al., 2012) label
Her 85 as a possible nonmember and do not calculate abundances or atmospheric
parameters for the star. However, Her 85 has been included in the work discussed
here and its corresponding abundances and atmospheric parameters are derived. In
Chapter 3, it will be discussed whether these values agree or disagree with average
cluster metallicities measured from previous studies.
1.3 Objectives
For this study, three red giants of IC 4756 were observed. The targets for this
study were, as labeled by Herzog, A. et al. (1975), Her 35, Her 85 (mentioned in the
previous section), and Her 249. The general properties of each star are summarized
in Table 1.1.
Star V B–V Spectral Type Prob vr Error
Her 35 9.68 1.09 K0d 82 -26.36 km/s 0.21
Her 85 9.10 0.94 G0 96 -22.53 km/s 0.17
Her 249 8.96 1.16 G6d 96 -25.92 km/s 0.18
Table 1.1: IC 4756 Red Giants
Columns 2-3 list the visual magnitude and color index from Herzog, A. et al.
(1975). Column 4 shows spectral type as classified by Kopff (1943). Columns 5 is
the probabilty of membership as determined by Herzog, A. et al. (1975). Columns
6 and 7 are the Mermilliod, J. and Mayor, M. (1990) radial velocity values with the
associated error for each star. Spectra were taken according to the observational
methods to be discussed in Section 2.2.1. Equivalent widths for Fe I and Fe II lines
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were obtained using the procedures to be described in Section 2.2.2. The combined
line lists of Bubar and King (2010) and Schuler et al. (2005) were adopted for these
measurements. Average iron abundances and general atmospheric parameters were
derived for each star. Parameters include effective temperature (Teff ), surface gravity
(log g), microturbulence (ξt), and metallicity ([Fe I/H]), where [Fe I/H] denotes a
metallicity normalized to the Sun and derived from the Fe I lines only. In Chapter
3, the resulting [Fe I/H] values are averaged to estimate an approximate iron-based
overall metallicity of the cluster and compared to corresponding average metallicities
from previous work. The implications of the metal content of the cluster are discussed.
Chapter 4 summarizes the conclusions.
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Chapter 2
Observations & Data Analysis
The following chapter discusses the observations for the Her 35, Her 85, and
Her 249 red giant stars and details the abundance analysis process for calculating
their respective atmospheric parameters and iron abundances.
2.1 Observations
The observations were obtained on the night of Febuary 23, 1997 by Dr.
Jeremy King, at the McDonald Observatory. The 2.1m Otto Struve Telescope was
used with the Sandiford Cassegrain Echelle Spectrograph (SES) to observe three tar-
get giants of the open cluster IC 4756. The spectrograph is capable of R = 60,000 (5
km/s) resolution for two 27 micron pixels using a slit of one arcsecond and was able
to cover a range of 5470–6850 Å. The observational information for Her 35, Her 85,
and Her 249 is listed in Table 2.1. Data for solar spectra and the star, Zeta Aquilae,
also acquired during the run, are included as they were used later in the analysis.
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Target α1994 δ1994 Exp Time (s)
Her 35 18:36:50.00 05:17:18.00 1400
Her 35 – – 1700
Her 85 18:37:12.00 05:17:06.00 1600
Her 85 – – 1600
Her 85 – – 1600
Her 85 – – 1600
Her 249 18:38:32.00 5:20:01.00 1100
Her 249 – – 1500
Solar – – 55
Solar – – 55
Zeta Aquilae 19:5:11.00 13:51:29.00 75
Zeta Aquilae – – 75
Zeta Aquilae – – 75
Table 2.1: Observational Data. Solar spectra were acquired by pointing the telescope
at the daytime sky.
2.2 Abundance Analysis
2.2.1 Line Selection
The combined line lists of Bubar and King (2010) and Schuler et al. (2005)
were used in the analysis of the Fe I and Fe II lines. Due to the limited wavelength
range in the observations, not all of the wavelengths found in these papers could be
identified. Thus, the sample size consisted of 177 Fe I lines for both Her 35 and Her
85, and 176 lines for Her 249. Measurements could be obtained for 11 Fe II lines in
each star.
A full list of the Fe I lines used may be found in Appendix A. The table also
includes the oscillator strengths adopted from the two papers stated previously, as
well as all equivalent widths for each star. The final column denotes the equiva-
lent widths measured for the corresponding wavelengths in the solar spectrum also
acquired during the run. A similar list is provided in Appendix B for the Fe II lines.
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2.2.2 Equivalent Widths
Equivalent width measurements were obtained using the 1-D spectral analysis
tool SPECTRE (Sneden, 2010). Since each star was observed several times through-
out the night, the images were coadded in order to achieve better signal-to-noise (S/N)
ratios. After setting the continuum for each spectral order of a particular star, the
respective orders were coadded together and normalized to one. An average Doppler
shift was calculated for each star, using the 6750.152 Å line feature, and applied to
the entire spectrum. Average shifts were approximately -3.31 km/s for Her 35, -5.54
km/s for Her 85, and -4.24 km/s for Her 249. To reduce any error in the final results
due to the oscillator strengths, spectra of the daytime sky were also taken to serve
as proxy for solar data. These images were treated in the same manner, without the
application of a Doppler shift.
During the equivalent width analysis, SPECTRE was used to fit a Gaussian
profile to the selected wavelength based on the depth and width of the spectral line
feature. In many cases, a Gaussian could not be generated accurately enough and the
profile was fit manually. Blending was identified to be a concern when it was noted
that some neighboring spectral lines were broadened, thus altering the shapes of the
targeted spectral lines. Most often, these were the lines requiring a manual fit. At
times, a satisfactory equivalent width measurement could not be achieved and the
corresponding line was left out of the analysis. These instances varied from star to
star, hence the slight variation in the number of lines used for each one. A sample of
the spectral data for Her 35 is given in Figure 2.1
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Figure 2.1: Sample spectra for Her 35
2.2.3 Telluric Lines
As mentioned in Section 2.1, the full spectra covered the range 5470–6850 Å.
There are three regions within this range that harbor a high number of atmospheric
telluric lines, 5850–6000 Å, 6200–6400 Å, and 6500–6600 Å, with the central range
showing particularly strong features. To avoid mistaking these lines with the target
ones, a test was performed to identify the atmospheric lines in the spectra. On the
same night as IC 4756 was observed, spectra were also obtained for the star Zeta
Aquilae. Zeta Aquilae is classified as a rapidly rotating A-type star, with a projected
rotational velocity of over 300 km/s. Due to this increased rate of rotation, spectral
features from the star are Doppler broadened to such an extent that they smear out
any distinct lines. Thus, when observed from ground telescopes, the most prominent
spectral lines come from the Earth’s atmosphere. Spectra from stars like Zeta Aquilae
are used as telluric standard stars to correct for telluric line contamination (the ob-
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servational information for Zeta Aquilae has also been included in Table 2.1). By
coadding images of the rotator, and treating the spectra in the same manner as de-
scribed before, the spectra from Zeta Aquilae can be overlayed on the existing stellar
spectra to determine if telluric line contamination is affecting the measurements. An
example of this overlay is displayed in Figure 2.2. The spectra of Zeta Aquilae (red)
is overlayed on that of Her 35 (black) for the 6250–6290 Å range. The continuum
for Zeta Aquilae has also been offset slightly to display it above Her 35’s spectrum.
The telluric lines on the rightmost side of the image are clearly recognized since both
spectra show the same dips and line features. The leftmost lines are clearly a result
of the stellar atmosphere for Her 35 since the rotator’s spectrum shows no features.
This procedure was especially useful for identifying the targeted spectral feature amid
a particularly dense region of the telluric spectrum.
Figure 2.2: Telluric Lines Testing Example.
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2.2.4 Atmospheric Models
The final iron abundances were calculated using MOOG (Sneden, 2012) and
Atlas 9 (Kurucz, 1993) atmospheric models. The outer envelope of the red giant
is broken up into thin shells. Due to the tenuous nature of these regions, local
thermodynamic equilibrium (LTE) conditions may be assumed since there is little
interaction between particles. Within a specific layer, the equations of hydrostatic
equilibrium are valid and the energy transport equation occurs through radiative
processes. Since each layer is also assumed to be in LTE, the transport equation
can be solved by designating the source function as a blackbody. This simplifies
the problem by characterizing a small volume of the gas with a model described by
four parameters: Teff , log g, [Fe I/H], and ξt. Based on the values chosen for these
variables, abundance measurements can be calculated for the individual wavelengths
in a line by line fashion for each model.
(a) (b)
Figure 2.3: [Fe/H] abundances for Her 35 - Best fits determined from Fe I lines.
To determine the final values for the variables, initial estimates for each value
were made and the corresponding line by line abundances were calculated with
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(a) (b)
Figure 2.4: [Fe/H] abundances for Her 85 - Best fits determined from Fe I lines.
MOOG. Abundances were normalized to solar values and plotted. Figures 2.3(a),
2.4(a), and 2.5(a) show the resulting abundance versus the line’s excitation potential
for stars Her 35, Her 85, and Her 249, respectively. Figures 2.3(b), 2.4(b), and 2.5(b)
show abundance versus log EW
λ
for each star where EW is the equivalent width for
wavelength λ. Both the results for Fe I and Fe II lines are plotted. By determining a
line of best fit to the data set in each plot and monitoring the slope, it was possible
to determine the direction and magnitude by which to adjust the initial values so
that the slopes in both graphs were nearly zero. This process is known as excitation
balancing (Bubar, 2009). When both plots are balanced, the average abundance or
metallicity of the cluster can be read from the graph.
The first set of plots indicate Teff . A positive slope implied that the temper-
ature estimate was too low and that its value should be raised, whereas a negative
slope indicated the temperature was too high and that it should be lowered. Teff is
the temperature that relates to the luminosity (L) and radius (R) of the star via the
14
(a) (b)




where σsb is the Stefan-Boltzmann constant. Her 35 was determined to have Teff
∼5220 K, Her 85 ∼5378 K, and Her 249 ∼5180 K.
The second set of plots depend on ξt. As before, a positive slope meant the
current microturbulence value had to be raised and a negative one meant it had to
be lowered. The value of ξt is based on the small-scale velocities of moving material
in the outer layers that produce Doppler shifts and affect the measured equivalent
widths of spectral lines. The microturbulence values for each star were estimated to
be 1.50 km/s, 1.18 km/s, and 1.50 km/s, respectively. The figures shown here are




Once the approximate ranges for Teff and ξt were determined, the stellar
surface gravities could be calculated. The surface gravity is a measurement of the






where g is the surface gravity of the Sun and M and R are the stellar values in terms
of solar mass and solar radius, respectively. The surface gravity is typically expressed
as log g.
Log g was estimated by attempting to equalize the average abundance of the Fe
I lines with the average abundance of the Fe II lines. By using the Teff and ξt values
previously calculated, log g was modified in the atmospheric model and the results
were run through MOOG for both the Fe I and Fe II line sets. When the average
abundance for the Fe I lines equaled that for the Fe II lines, the corresponding log
g was adopted as the correct value. This step also determined the final [Fe I/H] for
each star.
After each iteration described above, Pearson correlation coefficients were cal-
culated for the Teff and ξt graphs to verify that there was no correlation present in
the plotted variables. By the end of the procedure, correlation coefficients for each
star were found to have an absolute value near zero, or ≤ 0.01. The coefficients were
used in calculating the statistical uncertainty of the results which is discussed in the
following section.
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2.3 Results & Error Analysis
A final list of the atmospheric parameters for each star is given in Table 2.2
along with their uncertainties. In Chapter 3, the results of this study are compared
with those from earlier work. The rest of this chapter is dedicated to the discussion
of the error analysis and the methodology for calculating the uncertainties.
Her 35 Her 85 Her 249
Teff 5200 ± 43 K 5378 ± 43 K 5180 ± 64 K
log g 3.39 ± 0.11 3.39 ± 0.09 2.89 ± 0.14
ξt 1.50 ± 0.05 km/s 1.18 ± 0.06 km/s 1.50 ± 0.08 km/s
[Fe I/H] 0.06 ± 0.04 -0.16 ± 0.03 -0.16 ± 0.06
Table 2.2: Atmospheric Parameters for IC 4756 Red Giants
2.3.1 Error Analysis
The total uncertainty in [Fe I/H] was estimated by individually combining in
quadrature the uncertainties due to the determinations of Teff and ξt as well as the
statistical measurement uncertainty based on the number of lines used.
The statistical error measurement uncertainty in [Fe I/H] for each star is de-
rived from the standard deviation calculated (σ) and the number of lines measured





The resulting values of δstat for each star are given in Table 2.3.
To find the error in Teff , the one-sigma (1-σ) bounds around the best fit
value were calculated. This required a Fisher’s z′ transformation on the Pearson
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Star σ N δstat
Her 35 0.127 177 0.010
Her 85 0.119 177 0.010
Her 249 0.199 176 0.015
Table 2.3: Statistical Uncertainty Errors
correlation coefficient (r). A range was calculated in terms of z′ for a confidence level
corresponding to 1-σ. This interval was transformed back in terms of r. Values were
calculated using the online calculator by Lane (2013). Table 2.4 shows the results
from the manipulation of the best fit correlation coefficent from Teff in each star.
Table 2.5 shows the corresponding intervals from ξt.
Star Best Fit r z′ z′ interval r interval δT
Her 35 0.0097 0.010 -0.065–0.085 -0.065–0.085 0.03
Her 85 0.0049 0.005 -0.070–0.080 -0.070–0.080 0.03
Her 249 0.0014 0.010 -0.075–0.077 -0.074–0.076 0.05
Table 2.4: Calculating range of uncertainty in Teff from desired confidence level of
1-σ and contribution to the error in the metallicity. (The final r interval values vary
little from the z′ interval because the original correlation coefficients were close to
zero).
Star Best Fit r z′ z′ interval r interval δξ
Her 35 -0.0004 0 -0.075–0.075 -0.075–0.085 0.02
Her 85 0.0092 0.009 -0.066–0.084 -0.066–0.080 0.01
Her 249 -0.0053 -0.005 -0.071–0.080 -0.071–0.080 0.02
Table 2.5: Calculating range of uncertainty in ξt to 1-σ level and contribution to
metallicity error.
These intervals were used to determine the uncertainties in Teff and ξt. Each
parameter was modified individually until the results generated an upper and lower r
value matching the limits of the calculated 1-σ interval. The difference of the upper
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and lower bounds with the best fit value of each parameter provided an estimate for
the uncertainty in each variable.
While finding the uncertainty ranges for first Teff and then ξt, the [Fe I/H]
values produced by each model were also noted. This resulted in two separate intervals
for [Fe I/H], one that related to the temperature uncertainty and the other to the
microturbulence. Taking the upper and lower limit differences from one model at
a time with the best fit [Fe I/H] yielded the contributions to the overall error in
metallicity from Teff and then ξt, respectively, or δT and δξ, which are included the
final columns of Table 2.4 and 2.5,. The total error in [Fe I/H] was found by adding






The results from this equation for each star are in Table 2.6.
Star δstat δT δξ δtot
Her 35 0.010 0.03 0.02 0.04
Her 85 0.010 0.03 0.01 0.03
Her 249 0.015 0.05 0.02 0.06
Table 2.6: Total uncertainty in [Fe I/H] values
The Fe II lines were used to derive the uncertainties in the surface gravity
values. Calculating the total uncertainties in [Fe I/H] from Equation 2.4 yielded an
upper and lower limit for [Fe I/H]. The error in log g was derived by setting [Fe I/H]
equal to one of the extrema and determining what new surface gravity value would
give an equal abundance for [Fe II/H]. Repeating the method for the other extrema




The metallicity of IC 4756 has been previously studied by several groups but
the results are not well constrained. Quoted cluster metallicities for [Fe/H] range
from -0.15 from Jacobson et al. (2007) to 0.08 from Pace et al. (2010) with varying
sample sizes. The individual stars used for each cluster study also differ with little
overlap. Her 35 and Her 249 have been observed only by Ting et al. (2012), while
Her 85 only appears as a target in Luck (1994).
Her 35 Her 85 Her 249
[Fe I/H]1 0.06 -0.16 -0.16
N1 177 177 176
δ1 0.04 0.03 0.06
[Fe I/H]2 0.02 – 0.05
N2 34 – 32
δ2 0.10 – 0.10
[Fe I/H]3 – 0.03 –
N3 – 203 –
δ3 – 0.24 –
Table 3.1: [Fe I/H] Results of this study [1] compared to Ting et al. (2012) [2] and
Luck (1994) [3].
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Table 3.1 shows the results of these studies compared with that of this work
for [Fe I/H]. The rows denote the quoted metallicity value for the Fe I lines, the
number of lines used in each study (N), and the total uncertainty in the abundance
(δ). The subscripts refer to the source of each data set with [1] indicating the results
of this study, [2] being the results of Ting et al. (2012), and [3] from the work of Luck
(1994). Other studies (Jacobson et al., 2007; Santos et al., 2009; Pace et al., 2010;
Ting et al., 2012) refer to Her 85 in their original observed target lists but dismiss it as
a nonmember and do not quote any data for the star. When comparing the results for
Her 85 of this study with those of Luck (1994), it is interesting to note that despite the
large gap between -0.16 and 0.03, Luck’s degree of error is large enough that the -0.16
result still falls within the range of uncertainty. It seems likely that a low resolution is
the main reason for Luck’s larger uncertainty. The observations from Luck (1994) are
stated to have a spectral resolution of 18,000. Spectral resolution is a measurement of
the degree to which the telescope can distinguish between wavelengths. The formula





where ∆λ is the smallest difference in wavelengths that can be distinguished at a
particular wavelength λ. For example, the 2.1m telescope at the McDonald Obser-
vatory with the SES spectrograph used for the observations and discussed previously
in Section 2.1 has a spectral resolution of R = 60,000. Selecting the 6494.98 Å line
from the Fe I line list, and plugging both λ and R into Equation 3.1, the result is
∆λ = 0.11 Å. Using the same wavelength with R = 18,000, gives a new value of
∆λ = 0.36 Å. The difference between the two numbers shows that the McDonald
observations were better able to resolve the spectral lines and there is less concern
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about spectral features being absorbed into neighboring lines because of instrumental
limitations. Therefore, any blending identified could likely be attributed to the stellar
environment rather than the limitations of the equipment. This is useful since the
measurements included another Fe I line very close to this one at 6494.50 Å. With
low resolution, it would be difficult to resolve these two lines and they would appear
as a single feature. Other factors may be at work to contribute to the high error but
with few results published for Her 85, it is difficult to draw any more conclusions.
The metallicity for Her 35 is in good agreement with Ting et al. (2012). However, the
results for metallicty in Her 249 disagree and the errors in uncertainty still leave a
gap of 0.05 dex between the maximum possible value for this study and the minimum
possible value for Ting et al. (2012).
Her 35 Her 85 249
Teff,1 5200 ± 43 K 5378 ± 43 K 5180 ± 64 K
log g1 3.39 ± 0.11 3.39 ± 0.09 2.89 ± 0.14
ξt,1 1.50 ± 0.05 km/s 1.18 ± 0.06 km/s 1.50 ± 0.08 km/s
Teff,2 5150 (± 20–30) K – 5150 (± 20–30) K
log g2 3.30 (± 0.02) – 3.30 (± 0.02)
ξt,2 1.55 (± 0.20–0.24) km/s – 1.30 (± 0.20–0.24) km/s
Teff,3 – 5700 ± 100 K –
log g3 – 4.25 ± 0.25 –
ξt,3 – 1.00 ± 0.5 km/s –
Table 3.2: Atmospheric Parameters for this study [1] compared to Ting et al. (2012)
[2] and Luck (1994) [3]. The uncertainty quoted from Luck for Her 85’s Teff is a
minimum error. The missing uncertainties from Ting are discussed in the text.
Table 3.2 shows the atmospheric parameters derived for the same stars from
this work, Ting et al. (2012), and Luck (1994). Ting et al. (2012) do not directly
cite their uncertainties in each parameter. Instead, they give contributions to the
overall error in metallicty to be 0.08 dex from ξt, 0.02 dex for combined Teff and log
g, and 0.05 dex for the statistical uncertainty. When compared to the contributions
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calculated in Table 2.6, the statistical uncertainty, δstat, in Ting is higher. Contri-
butions from Teff , δT , are comparable with Ting’s overall value of 0.02 dex being
slightly lower. However, their contributions from ξt, δξ, are significantly higher. This
corresponds with the overall error in metallicty also being greater at 0.10 dex. Based
on the values of these contributions, the uncertainty ranges in each parameter quoted
from Ting et al. (2012) have been estimated and are included in the parentheses of
Table 3.2. The results for Her 35 agree very well within the uncertainties while Her
249 shows some agreement in temperature but the values for log g differ. There is
considerable disagreement for the estimated values of Her 85, in particular for tem-
perature and surface gravity, seeming to suggest Luck classifies it as a subgiant star.
These values are questionable considering that the rest of the literature classifies Her
85 as a red giant.
There have been at least six previous abundance studies of the cluster with
available data sets online. Reviewing the literature, the sample size of each work
was identified along with the [Fe I/H] value for each star observed. An approximate
average [Fe I/H] for the whole cluster was calculated from the results of these studies.
Table 3.3 shows the results compared with the estimated average from this work when
Her 85 is included as a member and when is treated as a nonmember or dismissed
from the results.
It is clear that the studies show a wide range of variation in the cluster mean.
The results of this study fall within that range. When Her 85 is discarded, the
resulting average is closer to the mean of the range but the error rises considerably
since the sample size is reduced. It is difficult to draw any conclusions on the true
nature of Her 85’s cluster membership from the atmospheric results. However, it can
be inferred that IC 4756 has an overall metallicity near the solar to slightly subsolar
value, implying that the open cluster members contain fewer metals than the Sun.
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Study Sample Size Average [FeI/H] σ
This study (inc. 85) 3 -0.09 0.13
(without 85) 2 -0.05 0.16
Ting et al. 2012 12 0.12 0.04
Pace et al. 2010 3 0.10 0.02
Santos et al. 2009 6 -0.08 0.00
Jacobson et al. 2007 6 -0.15 0.04
Luck 1994 3 -0.03 0.06
Table 3.3: Average [Fe I/H] from different studies with standard deviation σ
Since the cluster (790 Myr) is younger than the Sun (∼5 Gyr), this could indicate
that it originated in a metal-poor region of the disk and future work would include
determining the kinematics of the cluster to trace its path through the galaxy and
back to an original location. Studying the abundances of other clusters and objects
that may have come from the same viscinity could indicate whether the region was
truely metal-poor relative to the rest of the solar neighborhood. If the metallicity is
closer to solar-like, the results could have interesting significance for testing future
stellar evolution models.
IC 4756 is similar in age to the Hyades cluster.. The Hyades is a well-studied
open cluster often used for testing models of stellar evolution beyond the ZAMS (the
Pleiades cluster is typically used for testing these earlier stages of evolution). However,
the cluster has a supersolar metallicity of 0.14 ± 0.05 (Perryman, M. et al., 1998) with
only around 4 red giants in the field identified as cluster members and there is much
debate whether these are true red giants or in the post-giant phase. The fact that
IC 4756 may be a near solar-metallicty cluster, rich in giant and subgiant members,
implies that it would be another excellent testing ground for stellar evolution models,
perhaps, better than the Hyades. However, the questionable membership of several
stars, including Her 85, would first have to be resolved.
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Chapter 4
Conclusions & Future Work
Equivalent width measurements of Fe I and Fe II lines have been obtained
for three red giants in the open cluster IC 4756. Iron abundances and atmospheric
parameters were also calculated. For Her 35 and Her 249, the results in the literature
are sparse with only one other study (Ting et al., 2012) including them in observa-
tions. The results between these two studies agree for Her 35 but the Her 249 data
show slight differences. Further work is needed to verify that the same methodology
was applied in both studies to determine if the final quoted values may be directly
compared to one another or if corrections must be made.
More recent membership and proper motion studies are also needed to confirm
or negate the membership status of Her 85. Atmospheric parameters and abundance
values are not enough to distinquish any significant deviation from other known cluster
members. Resolving membership in IC 4756 could lead to the cluster becoming an
ideal testing ground for stellar evolution models. The currently used Hyades cluster
is sparse in giants and has a metallicty greater than the Sun. IC 4756 is rich in giants
and subgiants and the results of this work indicate that the cluster has an overall
metallicty closer to the solar or slightly subsolar value. This estimate agrees with
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most of the results published in the literature.
However, these results are based on the individual [Fe I/H] values for a very
small sample size. Further observations of the cluster with more members targeted
and consideration of lines beyond iron are needed in order to accurately derive an
overall cluster metallicity that can be compared with the results of other studies.
The Gaia mission may provide a solution to both the membership problem
and the lack of larger sample sizes (de Bruijne, 2012). Gaia is an astrometry mission
expected to be launched by the European Space Agency in October 2013. Its primary
mission is to study the kinematic, dynamical, and chemical stucture and evolution of
the Milky Way. It will provide radial velocities and stellar parallaxes for stars down
to 20th magnitude. In the case of IC 4756, this would allow more accurate deter-
mination of cluster members. In addition to deriving the kinematic motions of the
objects, Gaia’s spectroscopic data will also provide information for metallicities and
abundances of clusters and other objects throughout the galaxy. If IC 4756 is found
to have a slightly subsolar metallicty and its point of origin can be determined, this
might indicate a metal-poor region of the galactic disk. Obtaining the metallicities
of other open clusters and stellar objects that originated from the same region could
determine if the area as a whole is lacking in heavier metals when compared with the
nearby solar neighborhood. Results from Gaia will allow groups to thoroughly map
the detailed chemical abundance distribution of the Milky Way’s galactic disk. Com-
bined with kinematic and dynamical studies, the motions or migrations of clusters
and stars can be traced to see in what part of the disk they may have originated.
This may have an impact on the distribution of metal-poor versus metal-rich regions





Appendix A Fe I Equivalent Widths
The following Fe I lines were chosen from the combined line lists of Bubar and
King (2010) and Schuler et al. (2005). Equivalent width measurements were obtained
using the 1-D spectral analysis tool SPECTRE.
Table 1: Equivalent Width (EW) Measurements (in mÅ) for Fe I Lines. EP =
Excitation potential in eV; log (gf) = Log of the Oscillator Strengths; Wavelength is
in Å
Element Wavelength EP log (gf) 35 EW 85 EW 249 EW Sol EW
Fe I 5505.88 4.42 -1.30 83.4 66.9 75.2 56.9
Fe I 5506.78 0.99 -2.80 177.2 136.9 126.3 120.7
Fe I 5522.45 4.21 -1.55 74.1 51.4 60.3 47.8
Fe I 5536.58 2.83 -3.81 24.6 13.1 16.9 7.8
Fe I 5539.28 3.64 -2.66 39.7 26.0 35.8 20.8
Fe I 5543.94 4.22 -1.14 84.9 63.2 80.1 60.0
Fe I 5546.50 4.37 -1.31 79.0 50.4 62.1 52.6
Fe I 5546.99 4.22 -1.91 52.9 34.2 45.3 29.3
Fe I 5553.58 4.43 -1.41 102.3 71.1 106.6 59.4
Fe I 5554.89 4.55 -0.44 120.4 94.2 112.1 103.8
Fe I 5557.98 4.47 -1.28 93.0 70.9 98.6 63.1
Fe I 5560.21 4.43 -1.19 68.4 46.3 65.9 52.7
Fe I 5562.71 4.43 -0.64 79.5 52.0 61.5 60.8
Fe I 5574.39 4.42 -3.02 4.5 5.4 5.8 2.7
Fe I 5576.09 3.43 -1.00 143.3 107.0 124.3 108.5
Fe I 5577.03 5.03 -1.55 29.0 19.4 16.2 11.4
(cont. on next page)
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(-continued-)
Element Wavelength EP log (gf) 35 EW 85 EW 249 EW Sol EW
Fe I 5579.34 4.23 -2.40 30.1 10.1 16.2 10.0
Fe I 5583.97 4.19 -2.77 9.6 8.1 10.3 6.1
Fe I 5587.57 4.14 -1.85 42.1 43.3 48.3 33.3
Fe I 5607.66 4.15 -2.27 32.7 25.7 27.8 17.7
Fe I 5617.19 3.25 -2.88 60.9 41.3 49.6 36.8
Fe I 5621.60 5.11 -1.79 19.8 9.3 8.3 9.8
Fe I 5633.95 4.99 -0.27 80.2 60.6 76.8 79.4
Fe I 5646.68 4.26 -2.50 22.0 14.1 18.2 8.9
Fe I 5651.47 4.47 -2.00 40.1 24.0 29.2 19.9
Fe I 5652.39 4.26 -1.95 51.6 32.3 38.1 26.7
Fe I 5653.87 4.39 -1.64 65.9 36.8 48.8 39.6
Fe I 5661.35 4.28 -1.74 47.3 23.3 33.0 21.7
Fe I 5662.52 4.18 -0.57 115.0 91.2 89.7 83.2
Fe I 5667.52 4.18 -1.58 85.3 57.9 51.6 51.4
Fe I 5677.68 4.10 -2.70 17.9 11.8 11.8 6.2
Fe I 5679.02 4.65 -0.92 73.2 55.8 68.2 57.1
Fe I 5680.24 4.19 -2.58 27.1 15.5 16.2 9.9
Fe I 5701.55 2.56 -2.22 118.6 79.2 104.8 74.6
Fe I 5705.47 4.30 -1.57 63.5 40.1 58.4 38.1
Fe I 5705.98 4.61 -0.53 114.8 90.3 111.5 94.9
Fe I 5717.83 4.28 -1.13 93.9 63.6 61.0 59.4
Fe I 5720.90 4.55 -1.95 32.9 19.9 31.2 15.8
Fe I 5724.45 4.28 -2.64 15.4 8.3 13.1 9.5
(cont. on next page)
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Element Wavelength EP log (gf) 35 EW 85 EW 249 EW Sol EW
Fe I 5731.76 4.26 -1.30 83.2 54.1 73.4 55.4
Fe I 5732.28 4.99 -1.56 23.5 17.3 23.4 11.1
Fe I 5734.56 4.96 -1.57 16.0 7.6 12.9 8.5
Fe I 5738.24 4.22 -2.35 29.6 15.4 21.7 15.1
Fe I 5739.99 4.58 -2.06 18.6 10.2 15.6 7.4
Fe I 5741.85 4.26 -1.85 52.8 39.4 47.1 30.8
Fe I 5752.03 4.55 -1.18 70.5 59.8 71.9 56.0
Fe I 5760.36 3.64 -2.55 49.3 24.0 36.5 26.0
Fe I 5769.32 4.61 -2.26 14.2 12.3 6.2 11.1
Fe I 5775.08 4.22 -1.30 83.4 61.1 82.7 61.8
Fe I 5778.45 2.59 -3.48 59.8 38.3 54.0 21.2
Fe I 5793.92 4.22 -1.75 62.6 36.9 54.0 36.4
Fe I 5806.73 4.61 -1.00 77.4 54.4 63.3 56.1
Fe I 5809.22 3.88 -1.83 85.1 58.6 77.2 51.9
Fe I 5814.81 4.28 -1.96 41.7 30.4 36.3 27.5
Fe I 5837.71 4.29 -2.37 19.2 12.9 14.0 11.7
Fe I 5849.69 3.69 -2.99 23.5 9.0 19.7 7.9
Fe I 5853.16 1.48 -5.15 29.2 14.2 22.3 10.7
Fe I 5855.09 4.61 -1.66 39.3 25.8 39.2 22.2
Fe I 5856.10 4.29 -1.69 58.2 39.6 53.3 38.5
Fe I 5858.78 4.22 -2.29 26.7 18.7 21.1 18.6
Fe I 5859.60 4.55 -0.60 91.3 73.8 88.6 75.0
Fe I 5862.37 4.55 -0.38 103.9 79.2 87.8 78.9
(cont. on next page)
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Element Wavelength EP log (gf) 35 EW 85 EW 249 EW Sol EW
Fe I 5902.47 4.59 -1.81 31.1 21.4 13.3 17.3
Fe I 5905.67 4.65 -0.73 83.9 54.2 66.6 61.4
Fe I 5916.25 2.45 -2.99 95.3 60.8 76.9 56.5
Fe I 5927.79 4.65 -1.09 62.9 47.4 51.1 42.7
Fe I 5929.67 4.55 -1.41 63.2 37.9 53.3 37.7
Fe I 5930.19 4.65 -0.23 108.4 76.9 97.7 77.4
Fe I 5933.79 4.64 -2.23 28.1 8.6 9.1 12.0
Fe I 5934.65 3.93 -1.17 99.8 74.6 96.7 76.8
Fe I 5956.69 0.86 -4.60 108.3 61.7 108.9 56.2
Fe I 5969.56 4.28 -2.73 19.3 4.3 5.2 5.7
Fe I 6003.01 3.88 -1.12 107.5 82.9 89.1 84.4
Fe I 6005.54 2.59 -3.60 63.2 43.0 58.9 24.8
Fe I 6007.97 4.65 -0.76 83.0 70.4 75.7 71.3
Fe I 6015.24 2.22 -4.68 27.8 12.9 16.5 7.4
Fe I 6018.30 4.65 -2.08 22.5 16.0 17.8 12.0
Fe I 6027.05 4.08 -1.09 90.8 66.0 83.8 64.8
Fe I 6034.03 4.31 -2.42 24.9 10.5 17.1 10.5
Fe I 6035.33 4.29 -2.59 15.0 8.3 11.3 6.4
Fe I 6054.07 4.37 -2.29 30.3 14.5 11.0 10.2
Fe I 6055.99 4.73 -0.46 96.7 73.4 76.5 70.8
Fe I 6065.48 2.61 -1.53 159.6 143.8 173.6 111.0
Fe I 6078.49 4.80 -0.32 90.7 83.3 82.8 83.1
Fe I 6079.00 4.65 -1.12 63.6 57.5 58.5 48.9
(cont. on next page)
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Element Wavelength EP log (gf) 35 EW 85 EW 249 EW Sol EW
Fe I 6083.66 3.88 -3.50 15.0 4.2 5.6 4.9
Fe I 6085.26 2.76 -3.10 73.3 57.7 94.4 43.2
Fe I 6096.67 3.98 -1.93 65.6 42.9 55.6 44.2
Fe I 6098.25 4.56 -1.88 32.4 17.5 31.4 14.3
Fe I 6102.18 4.83 -0.26 97.8 72.3 84.7 82.8
Fe I 6105.13 4.55 -2.02 24.6 14.4 17.1 13.5
Fe I 6120.25 0.91 -5.95 30.8 16.8 31.9 9.2
Fe I 6127.91 4.14 -1.40 79.5 51.0 66.0 51.3
Fe I 6151.62 2.18 -3.30 85.9 61.6 76.3 50.6
Fe I 6157.73 4.07 -1.28 88.3 68.9 89.1 68.0
Fe I 6159.37 4.61 -1.97 23.5 12.9 16.4 11.9
Fe I 6165.36 4.14 -1.47 69.9 43.6 40.2 43.4
Fe I 6170.50 4.79 -0.44 57.5 36.0 40.0 38.9
Fe I 6173.34 2.22 -2.88 57.3 31.4 28.3 25.9
Fe I 6187.99 3.94 -1.72 77.6 53.6 49.4 55.4
Fe I 6213.43 2.22 -2.48 116.5 80.9 111.0 79.0
Fe I 6219.28 2.20 -2.43 130.0 101.6 134.0 91.2
Fe I 6220.78 3.88 -2.46 33.1 25.4 19.2 21.4
Fe I 6226.73 3.88 -2.22 54.4 29.5 45.2 29.9
Fe I 6229.23 2.85 -2.81 82.7 61.8 75.2 44.3
Fe I 6232.64 3.65 -1.22 111.6 88.1 100.0 87.3
Fe I 6240.65 2.22 -3.23 92.8 60.2 69.1 50.4
Fe I 6246.32 3.60 -0.73 137.9 117.8 122.6 116.1
(cont. on next page)
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Element Wavelength EP log (gf) 35 EW 85 EW 249 EW Sol EW
Fe I 6252.55 2.40 -1.69 162.5 114.6 153.6 114.9
Fe I 6256.36 2.45 -2.41 138.8 95.6 135.0 94.6
Fe I 6265.13 2.17 -2.55 131.9 97.9 115.9 86.9
Fe I 6271.28 3.33 -2.72 54.0 27.7 41.6 25.6
Fe I 6290.53 2.59 -4.34 24.5 7.1 5.9 6.6
Fe I 6290.97 4.73 -0.78 102.5 75.5 76.4 74.4
Fe I 6293.92 4.83 -1.72 18.7 16.6 18.6 14.7
Fe I 6302.50 3.69 -1.16 98.3 85.6 103.7 87.4
Fe I 6322.68 2.59 -2.43 108.7 76.1 110.7 75.1
Fe I 6330.85 4.73 -1.32 47.4 37.6 47.3 35.3
Fe I 6335.33 2.20 -2.18 134.6 101.0 138.8 97.0
Fe I 6336.82 3.68 -0.91 109.8 109.9 126.7 109.7
Fe I 6344.15 2.43 -2.92 103.6 72.4 87.3 57.7
Fe I 6380.74 4.19 -1.38 80.8 52.6 59.6 52.5
Fe I 6385.73 4.73 -1.91 22.2 9.9 15.1 11.6
Fe I 6392.54 2.28 -4.03 51.6 25.1 37.5 20.5
Fe I 6393.61 2.43 -1.57 176.9 122.8 168.9 123.4
Fe I 6408.02 3.69 -1.02 124.1 99.6 87.4 94.3
Fe I 6411.65 3.65 -0.59 152.1 115.6 130.0 117.6
Fe I 6419.96 4.73 -0.27 106.8 78.6 89.9 84.2
Fe I 6469.19 4.83 -0.77 93.1 66.9 80.9 62.7
Fe I 6494.50 4.73 -1.46 69.5 35.6 48.5 40.5
Fe I 6494.98 2.40 -1.27 185.7 150.3 154.9 136.5
(cont. on next page)
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Element Wavelength EP log (gf) 35 EW 85 EW 249 EW Sol EW
Fe I 6496.47 4.79 -0.57 81.3 64.6 71.4 61.7
Fe I 6498.95 0.96 -4.70 100.0 74.8 93.3 50.2
Fe I 6533.94 4.56 -1.38 65.8 61.0 69.6 64.4
Fe I 6574.23 0.99 -5.02 78.7 59.5 83.6 29.8
Fe I 6581.21 1.49 -4.68 70.3 51.2 60.3 25.6
Fe I 6584.58 5.39 -1.34 6.6 3.8 14.4 3.3
Fe I 6591.31 4.59 -2.07 28.6 10.5 19.7 10.6
Fe I 6592.91 2.73 -1.47 153.2 120.5 111.2 114.7
Fe I 6593.87 2.43 -2.42 127.8 101.3 127.3 81.4
Fe I 6597.56 4.79 -1.07 71.7 41.6 58.0 42.6
Fe I 6608.02 2.28 -4.03 57.0 28.3 53.7 18.5
Fe I 6609.11 2.56 -2.69 111.1 65.9 90.3 65.4
Fe I 6627.54 4.55 -1.68 52.6 39.6 48.8 28.9
Fe I 6646.97 2.61 -3.99 36.7 21.1 33.7 12.0
Fe I 6653.85 4.15 -2.52 30.7 10.7 20.5 12.7
Fe I 6667.42 2.45 -4.40 9.4 7.7 12.2 5.6
Fe I 6667.71 4.58 -2.11 8.2 6.1 5.9 8.0
Fe I 6699.14 4.59 -2.22 21.4 9.7 13.7 9.8
Fe I 6703.57 2.76 -3.16 78.2 53.0 69.5 40.8
Fe I 6704.48 4.22 -2.66 18.6 8.5 9.4 7.0
Fe I 6705.10 4.61 -1.50 78.4 53.9 64.7 49.1
Fe I 6710.32 1.49 -4.88 59.5 41.1 62.1 16.6
Fe I 6713.74 4.79 -1.52 39.7 26.3 34.5 21.7
(cont. on next page)
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Element Wavelength EP log (gf) 35 EW 85 EW 249 EW Sol EW
Fe I 6715.38 4.61 -1.64 56.4 40.9 42.2 28.9
Fe I 6716.22 4.58 -1.92 19.5 18.0 35.7 14.6
Fe I 6725.35 4.10 -2.30 41.1 22.1 22.9 18.8
Fe I 6726.67 4.61 -1.13 67.9 50.3 59.1 49.7
Fe I 6732.07 4.58 -2.21 22.3 10.6 14.7 7.6
Fe I 6733.15 4.64 -1.58 49.2 36.7 45.1 27.2
Fe I 6739.52 1.56 -4.79 37.0 25.3 40.3 12.5
Fe I 6745.09 4.58 -2.16 16.4 13.8 14.1 8.6
Fe I 6745.96 4.07 -2.74 13.5 9.7 18.1 8.7
Fe I 6746.95 2.61 -4.35 14.8 9.6 14.1 4.3
Fe I 6750.15 2.42 -2.62 106.8 91.9 123.5 77.1
Fe I 6752.72 4.64 -1.30 60.5 41.7 44.7 38.2
Fe I 6753.46 4.56 -2.29 12.2 6.5 7.6 5.5
Fe I 6777.41 4.19 -2.82 18.1 10.3 7.5 10.0
Fe I 6783.70 2.59 -3.98 44.3 21.5 29.7 19.6
Fe I 6786.86 4.19 -2.07 58.7 32.4 27.2 26.1
Fe I 6793.26 4.08 -2.33 33.6 20.4 21.5 13.1
Fe I 6828.60 4.64 -0.94 82.7 49.9 60.7 59.6
Fe I 6837.01 4.59 -1.81 27.2 19.9 20.4 19.3
Fe I 6839.83 2.56 -3.45 71.3 39.8 75.5 37.1
Fe I 6842.69 4.64 -1.28 59.1 39.2 60.8 44.4
Fe I 6843.65 4.55 -0.98 87.6 62.8 81.1 65.7
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Appendix B Fe II Equivalent Widths
The following Fe II lines were also chosen from the combined line lists of Bubar
and King (2010) and Schuler et al. (2005). They were obtained via the same process
as the Fe I lines.
Table 2: Equivalent Width (EW) Measurements (in mÅ) for Fe II Lines. EP =
Excitation potential in eV; log (gf) = Log of the Oscillator Strengths; Wavelength is
in Å
Element Wavelength EP log (gf) 35 EW 85 EW 249 EW Sol EW
Fe II 5991.38 3.15 -3.76 38.4 29.5 47.0 26.9
Fe II 6084.11 3.20 -3.99 33.5 23.6 28.6 15.5
Fe II 6147.74 3.89 -2.83 91.8 73.9 86.4 63.8
Fe II 6149.25 3.89 -2.88 42.4 35.0 36.8 28.7
Fe II 6238.39 3.89 -2.75 55.1 47.9 59.9 38.7
Fe II 6247.56 3.89 -2.44 52.5 48.8 57.2 43.0
Fe II 6369.46 2.89 -4.23 29.4 25.7 31.3 16.6
Fe II 6416.92 3.89 -2.88 46.0 43.8 55.2 39.2
Fe II 6442.95 5.55 -2.64 4.1 4.5 6.6 4.6
Fe II 6446.40 6.22 -2.11 3.2 4.3 3.9 4.7
Fe II 6456.38 3.90 -2.07 64.7 54.4 60.3 52.7
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